We previously reported the analysis of genome-wide expression profiles and various diabetes-related traits in a segregating cross between inbred mouse strains C57BL/6J (B6) and DBA/2J (DBA). By considering transcript levels as quantitative traits, we identified several thousand expression quantitative trait loci (eQTL) with LOD score >4.3. We now experimentally address the problem of multiple comparisons by estimating the fraction of false-positive eQTL that are under cis-acting regulation. For this, we have utilized a classic cis-trans test with (B6 × DBA)F 1 mice to determine the relative levels of transcripts from the B6 and DBA alleles. The results suggest that at least 64% of cis-acting eQTL with LOD >4.3 are true positives, while the remaining 36% could not be confirmed as truly cis-acting. Moreover, we find that >96% of apparent cis-acting eQTL occur in regions that do not share SNP haplotypes. Cis-acting eQTL serve as an important new resource for the identification of positional candidates in QTL studies in mice. Also, we use the analysis of the correlation structures between genotypes, gene expression traits, and phenotypic traits to further characterize genes expressed in liver that are under cis-acting control, and highlight the advantages and disadvantages of integrating genetics and gene expression data in segregating populations.
Variations in the DNA that lead to variability in the transcript levels of a gene can be expected to exist in any heterogeneous population, given that all genes are under the control of cisacting elements (e.g., promoter elements, TATA box, etc.). Associations between variations in the DNA of such genes and varying levels of expression can be detected in populations in which the DNA variations are cosegregating with the expression traits (e.g., experimental crosses, human families, etc.). Variability in the expression level or functional efficacy of one gene can, in turn, result in a broader set of expression changes in other genes that do not themselves differ genetically. This results in these secondary genes ultimately seen as being under the control of DNA variations in the primary gene. Thus, the individual variation in gene expression consists of two varieties. The first, termed cis-acting, results from DNA variations of a gene that directly influence transcript levels of that gene. The second variety, termed trans-acting, does not involve DNA variations of the gene in question, but rather, is secondary to alterations of other genetic variations. For example, cis-acting variations in a gene encoding a transcription factor or a splicing factor might be expected to influence the expression of other genes in trans. These upstream genetic perturbations may affect transcript levels or could affect protein function, but, in both cases, the end result is an effect on transcription in trans on a downstream target gene. Genome-wide expression array analyses have revealed thousands of differences in transcript levels between pathologic conditions (e.g., cancer) or between different strains of experimental organisms or cells from different humans (Karp et al. 2000; Jin et al. 2001; Brem et al. 2002; Schadt et al. 2003; Yvert et al. 2003; Monks et al. 2004; Morley et al. 2004 ). However, until recently, the degree of cis-acting versus trans-acting variations has been unknown. Cowles et al. (2002) examined this issue by systematically testing for cis-acting regulator variation in 69 randomly selected genes across four inbred strains of mice. For this, they used a classic cis-trans test involving the quantitation of transcripts from each allele in heterozygous animals. They demonstrated that of 69 genes, four genes exhibited evidence of cisacting variation. Another approach to the problem is to measure transcript levels in genetic crosses or human families and map the loci controlling transcript levels using classical linkage analysis. In the case of cis-acting variation, the levels of a transcript would map to the structural gene, producing the transcript, whereas in the case of trans-acting variation, the levels of a transcript would not be expected to map to the structural gene, except by coincidence. In this approach, the transcript levels are analyzed as quantitative traits, and we have referred to the loci controlling transcript levels as expression quantitative trait loci (eQTL). We and others have recently reported such "genetics of gene expression" studies in yeast (Brem et al. 2002) , maize, humans, and mice (Chesler et al. 2003; Schadt et al. 2003; Monks et al. 2004; Morley et al. 2004) .
We previously applied the genetics of gene-expression approach to a genetic intercross between two common inbred strains of mice, DBA/2J (DBA) and C57BL/6J (B6), by combining genome-wide genotype data at an average density of 13 cM with expression profiling of liver tissue for all F 2 mice. The results revealed a surprising level of genetic variation, resulting in the identification of several thousand loci with LOD scores >4.3 (the threshold of significance in an F 2 mouse intercross for achieving a genome-wide P-value < 0.05). Of these, approximately onethird exhibited apparent cis-acting regulatory variation as judged by the mapping of the eQTL to within 10 cM of the structural gene locus. To date, no characterization has been done to assess on a broad scale whether the cis-acting eQTL detected in any segregating population, including our F 2 cross, are actually likely due to DNA variations in the genes themselves. To assess the fraction of cis-acting eQTL that may be artifacts of probes overlapping DNA polymorphisms, we used the genomic sequence data from multiple mouse strains and single nucleotide polymorphism (SNP) data derived from these sequence data to establish whether the microarray probes associated with cis-acting eQTL reported by Schadt et al. (2003) were enriched for probes overlapping SNPs. Further, because the genomic regions supporting genes with cis-acting eQTL would not be expected to be identical by descent (IBD) between the two strains used to construct the corresponding cross, we used the genomic sequence and associated SNP data to reconstruct haplotypes and used these haplotypes to assess where the two strains (B6 and DBA) are identical by descent (IBD) genome-wide. We validate a fraction of the cisacting eQTL using a classic cis-trans test in F 1 heterozygous mice. Also, the correlation structures induced by cis-acting eQTL are described, demonstrating the advantages and potential disadvantages that arise in integrating gene expression and genetic data to elucidate complex traits. Finally, we illustrate how these cisacting eQTL can be used to prioritize candidate genes at a classical trait QTL (cQTL) region of interest.
Results

SNPs and cis-acting eQTL
Cis-acting eQTL summaries from the BXD cross
Of the 23,574 genes represented on the mouse microarray used to profile the BXD cross previously reported by Schadt et al. (2003) , 21,744 could be reliably mapped to unique autosomal chromosome locations of the mouse genome (NCBI Build 32). Of these 21,744 mapped genes, 3465 had eQTL with LOD scores >4.3, and 913 had eQTL with LOD scores >7.0. Although some eQTL are false positives, these frequencies are far in excess of the numbers one would expect by chance alone. Approximately 34% (1171) of the mapped genes with eQTL exceeding 4.3 had a physical location coincident with the eQTL position, while 68% of the mapped genes with eQTL exceeding 7.0 had a physical location coincident with its eQTL position. Due to the inexact nature of QTL positioning in this type of experimental cross, we called an eQTL and corresponding gene coincident if the physical location of the gene mapped to within 20 mb (∼10 cM) of the cis eQTL peak. For nearly all of these cis eQTL (98.3%) with lod scores >4.3, the gene falls within the 95% confidence interval of the QTL. When assessing the significance of a cis eQTL, it is not necessary to perform a correction for multiple testing over the entire genome, given the only location of interest is the 20-cM window centered at the physical location of the gene of interest. Therefore, to determine the significance associated with the classic LOD score threshold of 4.3 for cis eQTL, multiple testing corrections only need to take into account tests performed in the 20-cM window centered at the gene of interest. In this case, the significance level associated with a LOD score of 4.3 is 0.00066 (as opposed to a genome-wide significance of 0.05). Given this estimate, we would expect only 14 of the 1171 genes detected with cis eQTL to be false-positive eQTL.
Most cis-acting eQTL fall in regions that are not IBD
Genes with true cis eQTL in the BXD cross require polymorphisms in the DNA sequence that differ between the B6 and DBA strains and that ultimately lead to significant differences in transcript levels between these strains. Therefore, we would expect most probe sequences associated with cis-acting eQTL to fall in regions that are not identical by descent (IBD). To assess the proportion of genes with cis eQTL that fall in non-IBD regions, we first estimated the fraction of the B6 and DBA genome that was IBD. We mapped all SNP sequences represented in the Celera Mouse Genome Database to NCBI Build 32 of the public mouse genome assembly. Of these SNPs, 1,064,677 could be reliably mapped to the autosomal chromosomes and were polymorphic between the B6 and DBA strains. By examining the moving average of SNP frequencies along the autosomal genome, we determined that regions with fewer than five informative SNPs per 25-kb window were indicative of regions IBD between B6 and DBA (Fig. 1A) . Averaged over the entire genome, we estimated that 57% of the genome between B6 and DBA is IBD. The extent of genome-wide IBD has been investigated before among several strains of mice (Wade et al. 2002; Wiltshire et al. 2003) . Our observed estimate for B6 versus DBA is higher than previous estimates of ∼35% (Wiltshire et al. 2003) ; however, the SNP data used to make this estimate is much more comprehensive than that in prior studies.
Next, we defined gene regions for each of the 21,744 genes that mapped to the autosomal genome, where the gene regions were defined as the region between the transcription start and stop sites for the gene, plus 2000 nucleotides flanking the transcription start and stop positions (Fig. 1C) . Of these regions, 9932 (∼45%) were overlapping non-IBD regions, close to the overall percentage of the genome we identified as non-IBD between the B6 and DBA strains. In contrast, for the gene regions corresponding to the 1171 genes with strong cis eQTL, a striking 1132 (nearly 97%) were overlapping non-IBD regions. This increase in genes with cis eQTL overlapping non-IBD regions is statistically very significant (Fisher Exact Test P-value <1.0 ‫ן‬ 10 ‫003מ‬ ), a result that strongly supports the cis-acting nature of the eQTL in this set. We would expect roughly 1% (14) of the genes detected with cis eQTL to be false-positive events, where the gene is actually under the control of a neighboring gene, so that the cis versus trans control cannot be distinguished by the QTL data alone. While this likely explains a majority of these cases, the data do support that some of the genes detected with cis eQTL in IBD regions as potentially true positives. First, the median distance between these 39 genes and the closest non-IBD regions was only 200 kb, so that cis regulatory elements located further away from the gene-promoter region may explain the cis effects observed for some of the genes. Previous reports have reported functional cis elements as far as 1 Mb away from the gene under study (Qin et al. 2004 ). Second, even in IBD regions, there are polymorphisms occurring at a low frequency (Fig. 1) , and these polymorphisms are most likely due to sequencing errors or spontaneous mutations, where the latter could reasonably be expected to affect transcript abundances in some cases.
Does probe/SNP overlap lead to spurious cis-eQTL?
Even though genes with cis eQTL in the BXD cross overwhelmingly fall in regions that are not IBD, spurious associations between DNA variations in a given gene and variations in transcript abundances for the given gene could arise if the probes used to monitor transcript abundances directly overlap SNPs, thereby influencing transcript abundance measures, even subtly. Therefore, it was of interest to estimate the percentage of cis-eQTL that may Doss et al.
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www.genome.org be due to probes overlapping SNPs. To obtain reliable estimates using the SNP data represented in the Celera Mouse Genome Database derived from multiple sequenced strains of mice, we first established the extent of strain-specific coverage for each probe region for each probe represented on the microarray used in this study. This step was necessary because it is not possible to conclude that a probe and/or probe region does not overlap any SNPs that are polymorphic between the B6 and DBA strains, unless we know there is genomic sequence supporting the regions from each strain.
Given the computational complexity involved in mapping each of the raw sequence reads represented in the Celera Mouse Genome Database to the corresponding assembled genomic sequence, we instead chose to estimate the percent coverage by examining the SNPs in each of the probe regions for each probe that could be mapped to the genomic sequence, where probe regions in this instance were defined as the 1000 nucleotides flanking the left and right of each 60-nucleotide probe sequence (Fig. 1C) . If SNPs were detected in this 2060-nucleotide region, and these SNPs included alleles identified from the B6 and DBA strains, then we concluded that the probe sequence was, in fact, supported by B6 and DBA genomic sequence. Of these 21,744 probe regions that were mapped to the mouse genome, we detected at least one SNP with alleles from the B6 and DBA strains in 14,101 of the probe regions. This provides an estimate of 65% for the percentage of probes on the microarray that were supported by B6 and DBA sequence.
The test for determining whether SNPs have a significant impact on cis-acting eQTL is based on a comparison between the frequency of probes overlapping SNPs over all probes that could be mapped to the mouse genome, and the frequency of probes overlapping SNPs where the probes give rise to a significant cisacting eQTL. If the SNPs have no effect on the hybridization intensities, then the frequencies of probes overlapping SNPs should be the same between the two groups (the null hypothesis). The overall frequency for probes overlapping one or more SNPs is given by the percentage of probes in the set of 14,101 genes described above that overlap at least one SNP in the probe region. We identified 585 (4.1%) probes that overlapped one or more SNPs. The mean number of SNPs within these 585 probes is 1.19. Of the 585 probes overlapping at least one SNP, 121 represent genes with cis eQTL. Interestingly, the mean amount of SNPs in this group of 121 probes is 1.22, which does not differ significantly from the full set of 585 probes. However, the fact that 21% (121/585) of the probes overlapping SNPs were in genes with cis eQTL is a significant bias. This enrichment could result from the fact that cis eQTL are overwhelmingly found in non-IBD regions of the genome, where there is a higher probability of incurring a SNP within the probe sequence. Therefore, to assess further the potential bias introduced by probes overlapping SNPs, we restricted attention to those probe regions containing exactly one SNP.
Of all the probe regions that mapped to the mouse genome, 3107 contained exactly one SNP. We chose this set as our baseline set of probe regions to consider for more precisely testing whether a bias exists. The baseline frequency for probes overlapping a single SNP is then given by the percentage of probes in the set of 3107 that overlap the one SNP identified in the probe region. In this case, we found 96 probes of 3107 that overlapped the single SNP (3.1%). Next, we restricted attention to those 238 probe regions in the set of 3107 probe regions for which the probes gave rise to cis eQTL with an associated LOD score >4.3. Of these 238 probe regions, 14 had probes that overlapped the single SNP (5.9%). Application of the Fisher Exact Test in this case to determine the probability that this bias could occur by chance 
Cis-acting eQTL in mice
Genome Research 683 www.genome.org resulted in a P-value of 0.013, indicating that the percentage of probe regions with strong cis-acting eQTL that overlap a single SNP is marginally significantly higher than the percentage of probes overlapping a single SNP over all genes considered. Given the low frequency of probes overlapping SNPs, the net impact of this effect is minor with respect to considering a putative cis eQTL as a true or false positive. Also, the potential impact is further mitigated by the observation presented earlier that probes with cis-acting eQTL overwhelmingly fall in regions that are not IBD, compared with probes in general.
Testing whether additive QTL effects for cis eQTL are evenly distributed about zero
Given the slight bias noted above in probes overlapping SNPs for genes with cis eQTL, and given that we do not have a reliable estimate on the false-negative rate for SNPs identified as polymorphic between B6 and DBA in the Celera SNP data, we further investigated the extent to which probes overlapping SNPs may be responsible for cis-acting eQTL by examining whether the additive effects related to the cis-acting eQTL were upwardly biased in the direction of the B6 allele. The biologically intuitive null hypothesis is that the additive effects over all cis eQTL are randomly distributed about 0. Given that an overwhelming majority of the probes on the microarray were designed against B6 sequence, we would expect significantly >50% of the additive effects for cis eQTL to be higher for the B6 allele if probes overlapping SNPs were an issue, since such probes would likely perfectly match the B6 sequence against which it was designed. Of the 1171 genes with cis-acting eQTL considered in this study, 657 had the B6 allele more highly expressed than the DBA allele. That is, just over 56% of the cis-acting eQTL indicated higher expression at the B6 allele compared with the DBA allele. Assuming the probability is 0.5 that we observe such an event for any given gene, the number of observations we make over all genes is binomially distributed, so that the probability we observe at least 657 of 1171 cis eQTL with additive effects biased in the B6 direction is easily computed to be 2.1 ‫ן‬ 10
‫5מ‬
. This bias is more significant than the estimates provided above, where only 5.9% of the probes were found to overlap a single SNP, compared with a 12% bias noted here for cis eQTL additive effects. This discrepancy may suggest an appreciable false-negative rate for SNPs identified in the Celera data as polymorphic between the B6 and DBA strains, resulting in a significant number of probes misclassified as not overlapping SNPs. In addition, the SNP/probe overlap statistics discussed above were restricted to probe regions containing exactly one SNP, so that the bias may become more extreme if probe regions containing more than one SNP were considered. In any case, these observed biases speak for the need to provide direct experimental confirmation of the cis eQTL.
Validation of cis-regulated genes
All of the above arguments speaking to the validity of cis eQTL were computational in nature. To provide direct experimental support for the validity of the cis eQTL and to estimate to what extent the previously reported cis-acting eQTL represent type 1 errors, we validated a subset of previously identified cis eQTLs using a classical cis-trans test in which (B6 ‫ן‬ DBA)F 1 mice were analyzed for the relative levels of transcript from each allele. In a cis-regulated gene, the allelic expression in F 1 mice should reflect the ratios observed in the two parental strains, given that all mice examined are exposed to the same environmental perturbations. If the gene is regulated in trans, we expect the allelic ratio of transcripts from each allele to be ∼1:1, because a truly trans-acting regulator should act in a similar manner on both alleles. Of course, a gene could exhibit a combination of trans and cis regulation, although the cis regulatory component should cause the ratio to be different from 1:1, albeit to a lesser extent than might otherwise be the case.
To quantitate transcript levels from each allele in an F 1 heterozygote, we selected genes exhibiting the predicted cis-acting eQTL with LOD >4.3 and also exhibiting one or more polymorphisms within the genes-coding sequence (the latter being required to distinguish transcripts from the two alleles). Probes that overlapped SNPs were excluded. This gene set is representative of the 1171 genes with annotated physical location and a cis eQTL with LOD scores >4.3. Although the genes tested were randomly chosen from this pool, it is worth noting that they are biased toward higher LOD scores, with a median LOD score of 11.8. We explored several methods for quantitative genotyping of the transcripts, including allele quantitation using primer extension, quantitative sequence analysis, and restriction enzyme digestion of the RT-PCR product, followed by separation of the labeled product by gel electrophoresis (data not shown). Previous studies have shown comparable results and accurate allelic quantification using primer extension by Pyrosequencing, single-base extention, and RFLP analysis (Shifman et al. 2002) . We observed comparable results for the different methods used, but for ease of analysis and flexibility (for example, only a fraction of the SNPs resulted in an RFLP), we chose to use primer extension using Pyrosequencing and sequencing of RT-PCR products across the SNPs. Pyrosequencing is a primer extension-based method that utilizes the release of pyrophosphate during nucleotide incorporation to fuel a cascade of enzymatic reactions, resulting in a quantitative fluorescence emission. The different methods were validated as described in the Methods. In cases where more than one coding SNP was available in the amplicon, the result was consistent throughout all SNPs in the region (Table 1 , NM_026981 and AF168680). Moreover, multiple amplicons were used for one gene, and in this case, the two different amplicons yielded similar B6:DBA ratios (Table 1, NM_130447) . Finally, where possible, both forward and reverse primers were used with consistent results (data not shown). One gene that exhibited strictly trans regulation was assayed as a negative control (Table  1 , NM_028333). The allelic peak areas were determined, and the ratio of B6:DBA allelic transcripts were calculated for each F 1 . The average of these values over several F 1 mice (n ranges from 2 to 8, see Table 1 ) were then calculated and used as the ratio value. For most analysis, three to five F 1 female mice were studied. The difference in the number of animals for the various genes reflects the failure of some assays. These data are summarized in Table 1 and Figure 2 . In order to determine the sensitivity of the assay to detect a 1:1 (B6:DBA) ratio, we assayed F 1 genomic DNA for a subset of genes. These genes were limited to those in which the entire amplicon analyzed resided within one exon. A total of four genes were analyzed with DNA from two different F 1 s with multiple replicates. In all, 18 of these 1:1 ratio controls yielded results (four different genes). The 95% confidence interval of the distribution of these results (.96, 1.08) was used as the 95% confidence interval for the detection of a trans-regulated transcript. When this interval was overlapping with the 95% confidence interval of the B6:DBA ratio of any of the genes being tested, the gene was considered under possible trans control.
Of the 28 predicted cis-acting eQTL studied, 18 confirmed cis regulation as shown by the cis-trans test. Of the remaining 10 genes, seven tested as trans according to the above definition. The remaining three genes resulted in ratios that were in the opposite direction to those observed in the microarray data. There are several possible explanations for the failure to confirm the remaining genes tested. They may be false positives that arose due to spurious associations of genotype and gene-expression level. However, given the significance of most of the cis-acting eQTL that did not validate (median LOD score equal to 13.1), we believe this is the least likely explanation, a more plausible explanation being that some of the genes were under trans regulation of closely linked genes. The initial criterion for a predicted cis-acting eQTL was that the physical location of the gene was within 20 cM of the eQTL peak marker . This is a broad interval, which in many cases would extend past the two LOD score drop interval surrounding the apex of the QTL. However, we chose this conservative measure in order to avoid exclusion of any true cis-acting QTL that may have mapped inaccurately due to genotyping inconsistencies. It is plausible that in some cases a trans-acting element resides within this large interval, and the observed ratio is a result of nearby trans-acting regulation. Another reason for the failed confirmations could be due to the differences in age and environmental influences between the two groups of mice used. The F 2 mice utilized for our microarray study were much older (16 mo) than the F 1 mice (10-12 wk), and the F 2 mice had been on a high-fat, atherogenic diet for 16 wk prior to profiling the livers compared with the F 1 mice that were on a standard chow diet. These differences could conceivably have an effect on gene expression (Han et al. 2000; Jaenisch and Bird 2003; Sharman et al. 2004) , invoking trans effects in the F 1 mice, which in some cases override the cis effects of the locus of interest, thereby bringing the allelic expression ratio closer to 1:1.
Correlation patterns for genes with strong cis-acting eQTL and their experimental value
Strong cis-acting eQTL can obscure the true relationship between genes. Figure 3 highlights correlation distributions for genes with The mean ratio of transcripts ‫ע‬ SE in F 1 mice determined using classic cis-trans test. In column 6, the number of F 1 s used for each assay is given in parenthesis.
g Each cis-trans result was given a t-test against the null hypothesis that the mean equals 1.0, and the resulting P-value is listed. h CI95 refers to the 95% confidence interval for each B6:DBA ratio.
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www.genome.org strong cis-acting eQTL and genes without strong cis-acting eQTL. What is clear in this figure is the shift to more significant correlations in genes that do not have strong cis-acting eQTL. This result seems counterintuitive, given the cis eQTL considered for this figure all had LOD scores >15. Such strong perturbations explain at least 46% of the variation in the expression trait, and if these perturbations in turn affected the expression levels of other genes, then we would expect those genes so affected to be significantly correlated with the gene, giving rise to that variation and to have eQTL that colocalize with the cis eQTL.
However, the distributional patterns shown in Figure 3 indicate that genes whose expression are strongly perturbed by these cis events are actually much less related, expression-wise, to other expression traits, compared with genes without strong cis eQTL. To understand the significantly reduced number of genes whose expression is correlated with the expression of genes with strong cis-acting eQTL, we highlight an extreme example that illustrates relationships among genes with strong cis-acting eQTL that significantly impact the correlation structure between the genes. Figure 4 highlights two genes, JTP and Pik4cb, with strong cis-acting eQTL that are within 3 cM of each other. The LOD scores associated with the JTP and Pik4cb cis-acting eQTL are 30 and 37, respectively. What is clear from this figure is the significant negative correlation between the expression values of these two genes overall, in contrast to the significant positive correlation within each of the genotype groups. The significant negative correlation overall can be explained in terms of the closely linked cis-acting eQTL for these two genes, as described in Figure 5 . Computing the correlation between these two genes conditional on the genotypes at the given locus results in a strong positive correlation between these two genes, as shown in Figure 6 . That is, what is likely the biologically relevant component of the correlation between these two genes was completely obscured by the strong cis-acting eQTL that drove a strong negative correlation. This strong negative correlation appears to be an artifact of the closely linked cis-acting eQTL. This pattern of correlation observed here follows a well-studied property of correlations known as Simpon's Paradox (or the Yule-Simpson effect) (Yule 1903; Simpson 1951) . Consistent with the correlation patterns shown in Figure 3 , the top 10 genes most correlated with Pik4cb and JTP transcript levels (without conditioning on the genotype) all reside on chromosome 3 and all exhibit strong cis eQTL. As expected by Simpon's Paradox, recomputing the correlations between these genes and all of the other expression traits conditional on the genotypes at the Pik4cb/JTP locus resulted in the loss of correlation between the original 10 genes (the correlation Table 1 for GenBank accession numbers corresponding to gene numbers. Black bars indicate B6:DBA ratio observed in previously described microarray data . Light gray bars indicate the observed ratio from the cis-trans test and are displayed with standard error bars. A total of 19 of 29 genes confirm the mode of regulation observed in the microarray data according to our definition described in the text.
having been explained by the closely linked eQTL), while simultaneously giving rise to significant correlations with a completely different set of genes.
While this is an extreme example, it is of note that most genes with strong cis-acting eQTL tend to be most correlated with other genes that have closely linked, strong cis-acting eQTL. This observation suggests that the distributional shifts noted in Figure  3 are likely the result of the type of confounding effect shown in Figure 4 , although in most cases, this effect will not be as extreme. Further, despite this type of confounding of gene-gene interactions, there are many examples where the expression perturbation described by a strong cis-acting eQTL gives rise to a meaningful expression response from other genes, as highlighted below.
Utilization of the information in the data available from the genetics of gene expression approach
As previously demonstrated , cis eQTL data from segregating populations can be used to prioritize candidate genes in QTL mapping studies. This concept is illustrated in Figure 7 , showing the cis eQTL at a locus controlling plasma total cholesterol levels in the (B6 ‫ן‬ DBA)F 2 cross. The rate-limiting step in the identification of genes in QTL studies is usually the screening for positional candidates (Flint and Mott 2001) . Clearly, not all functional variation will be reflected in differences in transcript levels, but a survey of the genes underlying QTL suggests that a large fraction will exhibit altered expression (Abiola et al. 2003) . In order to investigate the correlation structures of these genes with total cholesterol levels, the Pearson's correlation of each transcript level with total cholesterol levels was calculated. These results are reported in Table 2 (COR1) . Three genes of the proposed 11 candidate genes with cis eQTL have significant correlations (P < 0.05). Because this correlation could be due to a biological relationship between gene and trait or one simply due to the proximity of the given genes such as that demonstrated above, we then calculated the correlation of all genes with cis-acting eQTL conditional on genotype at the cQTL peak marker (Table 2, COR2). This relationship represents that of environmental and trans-acting effects on the gene of interest and the trait; the logic being that if a gene is indeed related to a trait, these 'outside' effects should affect both the gene and trait in a similar manner, and a significant relationship should still exist between the two. After removing the genetic effects of the chromosome 3 locus from the correlation, only one gene remained significantly correlated (BC005709). Although causal or reactant relationships cannot be inferred from this type of analysis, we argue that these data support BC005709 as being the most closely related gene to cholesterol levels, and therefore, the top candidate gene at this locus.
Strong cis-acting eQTL can lead to a significant expression response
It is tempting to conclude from the type of correlation structures exhibited in Figures 3 and 4 that many of the cis-acting eQTL give rise to expression perturbations that do not significantly impact the transcriptional network. That is, one can imagine that mutations in genes that lead to consistent expression differences among any number of strains of mice are simply tolerated by these complex systems as the body is well buffered with respect to changes in expression for many genes (i.e., the system tolerates large variations in expression-10 vs. 100 RNA copies per cell-with no effect on function). Therefore, selecting strains of mice to construct a cross from the population of all mouse strains may lead to consistent differences in some sets of genes (i.e., those in which cis-acting eQTL are detected) that have polymorphisms that affect transcription, where the polymorphisms have been tolerated (i.e., not selected against) because they do not functionally perturb the system. However, another view would be that the response to genes that have strong cis-acting eQTL is context dependent, requiring the right tissue and right environmental conditions to realize differences in a phenotype of interest. Stressing a system in a particular way may lead to a response in the transcriptional network that is associated with phenotypes of interest (Karp et al. 2000) . Further, there are a number of genes with strong cis-acting Figure 4 . Scatter plot of the mlratios for the jumping translocation point (JTP) and phosphatidylinositol 4-kinase, catalytic, ␤ polypeptide (Pik4cb) genes in the BXD set. Color coding of each point is given with respect to the genotypes at a locus coincident with the physical location of the JTP and Pik4cb genes (the grouping indicates strong cis-acting eQTL for each gene). The overall correlation is computed to be ‫,15.0מ‬ a statistically significant correlation (P = 7.8 ‫ן‬ 10 ‫9מ‬ ). The correlation within each genotype group is seen to be statistically significant as well, with a correlation of 0.53 in the B6 group, a correlation of 0.57 in the heterozygote group, and a correlation of 0.44 in the DBA group. Interestingly, the overall correlation is opposite in sign to each of the withingroup correlations. 
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Genome Research 687 www.genome.org eQTL that do lead to a significant expression response. One such example is given in Figure 8 . Here, we see a Riken cDNA clone, 1810073K19Rik, whose expression is strongly controlled by a chromosome 7 eQTL that is coincident with the gene's physical location. However, if we examine those genes most highly correlated with this particular gene, we get a significant number of genes with transcript abundance measures that are highly correlated with 1810073K19Rik, but which physically reside on chromosomes other than 7. Further, the expression of these genes are strongly controlled by the same chromosome 7 QTL controlling for 1810073K19Rik. In such a case, the question naturally arises whether the group of genes that are significantly correlated and linked to the same QTL are actually controlled by one of the genes in the group (e.g., the one with the cis-acting eQTL). In this case, we can apply the type of test described by Zhu et al. (2004) and E.E. Schadt, J. Lamb, X. Yang, J. Zhu, S. Edwards, D. GuhaThukarta, S.K. Sieberts, S. Monks, M. Reitman, C. Zhang, et al. (in prep.) to assess whether the group of genes controlled by the same locus are reacting to the gene with the cis-acting eQTL or whether they are driven independently by a given QTL or multiple closely linked QTL. In the present case, the correlation structures observed between the gene-expression traits and between the genotypes and gene-expression traits at the QTL position are consistent with 1810073K19Rik as the "causal" gene, giving rise to the expression response. This type of pathway analysis was initially introduced by Wright (1921) more than 80 yr ago as a way to quantify the causal relationships between variables once their true relationship had been established by other means. Since this original introduction, inferring causal relationships between correlated variables has been the subject of intense debate. However, in our present application, we know a priori that it is changes in DNA that lead to cis regulation of the expression traits, so that we begin with stronger prior information relating to how genes may be causally associated. The idea of resolving whether two or more genes driven by the same QTL are related in a causal/reactive way or driven independently by the same QTL are more fully explored by us elsewhere (E.E. Schadt, J. Lamb, X. Yang, J. Zhu, S. Edwards, D. GuhaThukarta, S.K. Sieberts, S. Monks, M. Reitman, C. Zhang, et al., in prep.) .
Discussion
We have presented the first general characterization of geneexpression traits for which cis-acting eQTL have been detected in segregating mouse populations. We have provided multiple lines of evidence that indicate most of the cis-acting eQTL detected represent true cis gene-expression effects. Only a relatively small number of cis-acting eQTL can be attributed to probes overlapping SNPs, and genes with cis-acting eQTL have been found to reside in regions that are overwhelmingly not IBD and actually increased for single nucleotide polymorphisms. We also tested several cis eQTL using direct experimental validation, confirming Figure 7 . Utilization of genetics of gene expression data in order to prioritize candidate genes underlying a locus of interest. A cQTL for chow diet total cholesterol levels was previously described on chromosome 3 at 24 cM at the peak marker D3mit241 (Drake et al. 2001; Colinayo et al. 2003) . Cis-acting eQTL were identified as transcripts that mapped to the cQTL peak marker or either of the markers flanking this marker with a LOD score >4.3, and physically reside within 20 cM of the peak marker. This resulted in a candidate gene list of 11 genes. The LOD score curve for cholesterol (blue) is shown in relation to those for each of 11 candidate cis eQTLs (black). GenBank accession numbers for the candidate genes are indicated in the corner of each plot. that a minimum of 64% of the cis-acting eQTL events detected are true positives. One way to view our results in a more conservative fashion is by making a cutoff for a confirmatory result at a twofold expression difference. Using this interpretation, those genes that resulted in a greater than twofold ratio (B6:DBA) in the microarray experiment, and in the cis-trans test (with consistant directionality), can be considered confirmed. Consistently, those that show a difference less than twofold should confirm in the cis-trans test with a difference less than twofold. Using this seemingly stringent criterion for confirmation, the same 64% of the cis eQTL remain confirmed. Because cis-acting eQTL afford one way to rapidly identify candidate genes underlying clinical trait QTL, it is important to understand the nature of the cis-acting eQTL. To that extent, we have highlighted cases where the correlation structure between two genes with closely linked eQTL can actually obscure the true relationship between the two genes, and where the cis-acting eQTL appears to give rise to a significant expression response in other genes. The potential exists to discriminate cases where the gene expression traits are related in a causal/reactive fashion, or whether they are driven by a single or two or more closely linked QTL. These characterizations represent the first steps that are necessary in more broadly interpreting expression-based QTL in the context of other complex phenotypes. This early work supports the continued investigation of the genetics of gene expression to elucidate complex disease traits and to more generally reconstruct gene networks associated with these diseases, as we have discussed elsewhere ).
Methods
Animal husbandry and diets C57BL/6J and DBA/2J mice were purchased from The Jackson Laboratory. (B6 ‫ן‬ DBA)F 1 mice were reared from these parental mice. All mice were housed under conditions meeting Association for Assessment and Accreditation of Laboratory Animal Care and were housed in groups of four or less animals per cage and maintained on a 12-h light/12-h dark cycle at an ambient temperature of 23°C. They were allowed ad libitum access to water and rodent chow containing 6% fat (Diet No. 8604, Harlan Teklad). All animal care and experimental protocols were approved by the UCLA Animal Research Committee.
Experimental samples and expression data
We have previously described an experiment in which livers from a population of female F 2 mice, constructed from a B6 ‫ן‬ DBA cross, were profiled using a standard murine microarray consisting of 23,574 genes. The full details of the mouse expression data discussed here are provided by Schadt et al. (2003) . This experiment is referred to as the BXD cross in the present study.
Identifying SNPs in probe regions
All of the SNP sequences that were informative between B6 and DBA in the Celera Mouse Genome Database were mapped to NCBI Build 32 of the mouse genome. The probe sequences for 
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www.genome.org each of the genes represented on the microarray described above were then mapped against this same build of the mouse genome using BLAST (Altschul et al.1990 ). The designated probe and gene regions were defined and uploaded into a relational database. Through a series of SQL queries, the SNP data were intersected with the probe and probe region data, and the SNP frequencies were subsequently summarized after applying various filters as described in the main text.
Reconstructing haplotypes and identifying IBD regions
Once the Celera SNP data were loaded into a relational database, we reconstructed haplotypes for the B6 and DBA strains. To reconstruct the haplotypes, we processed the genomic sequence in 25-kb steps. For each 25-kb window, all SNPs polymorphic between the B6 and DBA strains were identified. The SNP counts in each window were smoothed by averaging with neighboring windows. Smoothed 25-kb regions containing five or fewer SNPs polymorphic between B6 and DBA were considered IBD between the two strains.
Allele-specific transcript quantification
Allele-specific transcript quantification was performed using quantitative sequence analysis and primer extension-based Pyrosequencing. All sequences and SNP data used were obtained from the Celera Discovery System. Transcript sequences were analyzed using Prophet 5.0 (BBN Systems and Technologies, A division of Bolt Beranek and Newman Inc.). (B6 ‫ן‬ DBA)F 1 mice were sacrificed between the ages of 10 and 12 wk, and the liver immediately frozen in liquid nitrogen. Total RNA was isolated using Qiagen Rneasy kit, with a protocol optimized for liver tissue. For Pyrosequencing analysis, (B6 ‫ן‬ DBA)F 1 cDNA was produced using Invitrogen Thermoscript reverse transcriptase. cDNA was then amplified using transcript-specific primers flanking an SNP. Extension primers were developed using Pyrosequencing SNP primer design software v1.0.1 (http://www.pyrosequencing. com). Reactions were performed on the Biotage PSQ 96MA, and data analysis was done using PSQMA 2.1. Subtraction of background signal and normalization for nucleotide incorporation efficiency is sequence dependent. Methods are described at http://www.pyrosequencing.com. For quantitative sequencing analysis, RT-PCR amplification of sequences containing the SNP was performed using the Invitrogen Thermo-script two-step procedure. All primer sequences used are supplied in Supplemental Table 1 . Excess reactants were removed from the PCR products using the Qiaquick PCR purification kit from Qiagen. Quantitative genotyping of the products was performed using semiquantitative sequence analysis. Sequence analysis was performed using an ABI 3700 (Applied Biosystems Inc.) sequencer, and sequence chromatograms were analyzed using the Chromas 2.23 software (Technelysium Pty. Ltd.) . This method of analysis was validated by PCR amplification of fragments of cDNA from each strain, and mixing these products in various ratios, followed by sequencing analysis. Supplemental Figure 1 shows results from one such comparison. In this example, the relationship between the B6:DBA RT-PCR product ratio and the B6:DBA peak area corresponds to a Pearson's correlation coefficient of 0.95 indicating peak area is relative to the quantity of product sequenced. In addition, the concordance of the results from the two methods was tested by assaying eight genes with both methods. These eight genes all resulted in consistent results between the two methods used. The signal strength will vary in sequence analysis depending on the surrounding sequences. To correct for such differences, we amplified parental cDNA and normalized using surrounding sequences shared by the two strains. The ratio of one SNP allele's incorporation efficiency to the other was then obtained. This ratio reflects the amount of differential nucleotide incorporation at that position and was used to normalize the ratios observed in the F 1 animals.
Statistical analysis
Statistical analysis was conducted in R-A language and environment version 1.9.1 and in Microsoft Excel. Cis-trans test results were normalized according to the surrounding sequence (each normalization is unique), and detailed methods are available at http://www.pyrosequencing.com. A t-test was then done on each set of resulting B6:DBA ratios to the null hypothesis that µ = 1.0. For the correlation analysis, the Pearson correlations were computed in each case, and the mean log ratio data used in these calculations was assumed to follow a normal distribution, a valid assumption as described by He et al. (2003) . The data generated for Figure 3A were simulated such that the mean log ratios for each gene followed a normal distribution with the same mean and variance as the 100 genes used to generate Figure 3B . Further, for all gene-expression traits giving rise to significant cis eQTL (LOD >4.3 as reported in the main text), the residuals were examined after fitting the expression traits to the eQTL genotypes, and almost all were found to be approximately normally distributed.
